Abstract Several high-altitude slope instability phenomena, involving rock blocks of different volumes, have been observed in recent years. The increase in these phenomena could be correlated to climatic variations and to a general increase in temperature that has induced both ice melting with consequent water seepage and glacial lowering, with a consequent loss of support of the rock face. The degradation of the high-altitude thermal layer, which is known as ''permafrost'', can determine the formation of highly fractured rock slopes where instabilities can concentrate. The present research has developed a methodology to improve the understanding and assessment of rock slope stability conditions in high mountain environments where access is difficult. The observed instabilities are controlled by the presence of discontinuities that can determine block detachments. Consequently, a detailed survey of the rock faces is necessary, both in terms of topography and geological structure, and in order to locate the discontinuities on the slope to obtain a better geometric reconstruction and subsequent stability analysis of the blocky rock mass. Photogrammetric surveys performed at different times allow the geostructure of the rock mass to be determined and the rock block volumes and detachment mechanisms to be estimated, in order to assess the stability conditions and potential triggering mechanisms. Photogrammetric surveys facilitate both the characterisation of the rock mass and the monitoring of slope instabilities over time. The methodology has been applied in a case study pertaining to the North Face of Aiguilles Marbrées in the Mont Blanc massif, which suffers from frequent instability phenomena. A slope failure that occurred in 2007 has been back-analysed using both the limit equilibrium method (LEM) and 3D distinct element modelling (DEM). The method has been supported and validated with traditional in situ surveys and measurements of the discontinuity orientation and other rock mass features.
Introduction
The general global climatic scenario indicates a rise in temperatures, particularly in the northern hemisphere and in the alpine area, where the temperature increase is higher (1.5°C) (Ravanel and Deline 2011) Suter (2002) and Vincent et al. (2007) have shown that the response to atmospheric warming is amplified in glacier ice and this makes the effects of climatic changes even more evident.
During the last few years, a considerable number of rock falls, debris flows and avalanches involving large volumes of rock, snow and ice have been observed at altitudes above 3,000 m a.s.l., of which Brenva, 1997 (Barla et al. 2000) , Grandes Jorasses, 2007 , Matterhorn, 2003 , Punta Thurwieser, 2004 , and Drus, 2005 , are some representative examples of the Western Alps area. Most of these events occurred during periods that were characterised by the specific climatic situation of thermal zero above 3,000 m a.s.l. for several consecutive days, thus, suggesting a possible link between climatic conditions and rock falls (Dutto and Mortara 1991; Dramis et al. 1995; Deline 2001; Haeberli et al. 2003; Noetzli et al. 2003; Gruber and Haeberli 2007) . This link appears to be connected in particular to the degradation of the high-altitude thermal layer, known as ''permafrost'' (characterised by temperatures of less than zero for a continuous period of at least 2 years; Allen et al. 2009 ). Ravanel and Deline (2011) have documented the described phenomena and presented an inventory of rock falls that have occurred since the end of the 'Little Ice Age' on the north side of the Aiguilles de Chamonix (Mont Blanc massif). They have also shown how rock fall phenomena occur more frequently during warm summers, as in the case of 2003, and how they are concentrated on slopes with average elevations (3,130 m a.s.l.) close to the lower modelled permafrost limits. A similar inventory has been made for the Aosta Valley. The events that occurred in high mountain regions have been collated by alpine guides. The work, which began in 2006 with EU founding also, involved France and Switzerland (CENSI_CRO 2009) ( Fig. 1) and revealed results that are in agreement with the data of Ravanel and Deline (2011) .
Slope stability is connected to ice melting and the consequent water seepage in the rock mass fracture network or in soil deposits. Seepage determines saturation and different kinds of resulting effects; an increase in water pressure due to the increased water level but also further pressure due to changes in the water phase when the temperature subsequently decreases, which, in turn, determines water freezing. Moreover, thawing can reduce the strength of soil and rock and can destabilise slopes, leading to failure (Huggel 2009 ).
In the case of rock masses, the formation of ice in confined situations can induce high pressure due to increases in volume. The discontinuity persistence is often below 100 % and rock bridges have a remarkable influence on the stability evolution of rock blocks. Rock bridge failure, induced by water/ice pressure, determines progressive failure that can be monitored over time. Rock fracture propagation due to ice segregation growth in water-saturated rocks with interconnected cracks leads to considerable damage (Hallet et al. 1991) . Both the rock mass structure and climatic conditions determine the instability phenomena, whereas freeze-thaw penetration controls the maximum dimension of the detachable blocks, while joint spacing on the rock face affects the size distribution of the rock fall debris (Matsuoka and Sakai 1999) .
In situ monitoring and laboratory testing could help to improve the understanding of these complex phenomena. However, the difficult operational environments at high elevations due to severe logistical and climatic conditions often pose some limitations to the data that can be acquired (Matsuoka and Sakai 1999) . Non-contact methods based on photogrammetry, which are able to provide information on the rock mass structure and topography (Reid and Harrison 2000; Kemeny et al. 2003; Jaboyedoff et al. 2009; Ferrero et al. 2011a, b; Sturzenegger and Stead 2009a, b; Gigli and Casagli 2011) and, thus, give information on the slope structure and on its hydrogeological conditions, are particularly appropriate for this environment, where standard methodologies are often not applicable (Hallet et al. 1991) .
The rock fall that occurred in September 2007 in the lower part of the Aiguilles Marbrées has been studied by the authors. The main aim of this research was to establish a working methodology for the analysis of this kind of phenomenon. The 3,600-m 3 rock volume that detached from the rock wall was well defined by fractures that were clearly visible before the movement. An ice layer was still visible for several days after the collapse in the rock fall scar and along the sliding surface; this is why a possible relationship with permafrost degradation was considered as the cause of the fall, rather than a decrease in stress caused by glacier shrinkage.
Field Survey

Geological and Geostructural Setting
Aiguilles Marbrées is a granitic peak 3,535 m a.s.l. that is part of the Mont Blanc massif (Fig. 2) . The study area is During the alpine orogeny, the batholith was uplifted and rotated towards the NW, with the formation of several fragile and ductile-fragile structures superimposed over the existing structure.
The principal lithology of the Aiguilles Marbrées structure is represented by a biotitic granite with K-feldspar porphyroblasts, with facies variable towards the microgranites. The structure of the granite is generally massive, with a few slightly slaty bands.
The principal structures can be grouped in an older set of the Ercinic age and are mainly represented by fractured structures oriented toward the N-S, and by a more recent structure of the Alpine age with a prevalent NNE-SSW orientation made of faults and cataclastic bands (characterised by fragile deformations and very fractured rock) or milonitic bands (characterised by ductile deformation with very fine grained rock, dark-coloured rock and with cleavage). These structures divide the granite rock mass into a series of layers that have originated the typical peak morphology characteristic of the massif itself.
At the outcrop scale, the different systems of structures are highlighted by a network of joints, whose intersection can determine potentially unstable blocks (Fig. 3) . The overall direction of the peak in the examined sector is on a joint system oriented towards the N-S, whilst a series of faults form the sides, oriented towards the NW or NNW.
The observed slope is frequently affected by moderate rock falls (typical average volume: 20-25 m 3 ); the failure mechanism is due to shearing movements along sub-vertical fractures.
The fall that occurred in September 2007 can be delimited by fractures that were visible before the movement. The failed mass was geometrically composed of two overlapping parallelepiped rock slabs, the larger of which rested on top of the smaller, and was separated by a discontinuity plane roughly parallel to the slope face. It was not possible to discern how the kinematic mechanism evolved from the available information (either the larger slab first and then the other, or both at the same time). Hence, in the analyses described herein, it was presumed that the slab failures occurred simultaneously, as if the two slabs were a single rock block (Fig. 4) . The observation of the rock surfaces exposed after the failure indicated the presence of rock bridges that had broken just before the rock fall. In other words, the main hypothesis on the failure mechanism evolution implies that the presence of rock bridges was responsible for the rock block stability observed before the event.
The climatic data were collected closest to the fall at Punta Helbronner meteorological station (3,462 m a.s.l.). They showed, for the period from August 7th to September 24th (70 days), a total of 32 days in which the minimum temperature was above 0°C. It is also possible to observe the cycle which has the highest variation (from 7 to -8°C) of all the cycles. Rock temperature data have been collected at the same meteorological station since 2009 using a sensor located 55 cm below the rock surface. The observed annual trends (2009) (2010) (2011) of the rock temperature show that the average temperature is above 0°C between the beginning of June and the end of September (Fig. 5 ). Since 2007, the air temperature trend has been very similar to that observed in 2010, particularly starting from September 10th and, thus, it was hypothesised that the 2007 rock temperature data would be similar to those recorded in 2010. A decreasing trend of the rock temperature towards 0°C can be observed in Fig. 6 , with less frequent and less marked fluctuations than those observed in the air temperature trend. A sudden decrease in the air temperature (between August 27th and September 1st) resulted in a rock temperature of below 0°C for 1 day. A similar phenomenon to the 2007 temperature decrease (recorded between August 27th and September 5th) could have occurred, with the rock temperature falling below 0°C for a few days and then increasing again.
Photogrammetric Survey
Periodic photogrammetric surveys were conducted during the spring and summer months of 2008 (five monthly surveys from April to September 2008) and 2009 (five Face of Aiguilles Marbrées using a Nikon D700 digital camera with a calibrated 20-mm focal lens. A traditional topographic survey of ground control points on the rock surface was not feasible and, in the first survey (April 2008) , the camera was, therefore, coupled to a GPS antenna/receiver through a calibrated pole in order to determine the orientation parameters of the image block. The technique (also known as the photo-GPS technique) was first developed and tested by Forlani and Pinto (2007) . The GPS records the antenna position for each image in a world coordinate reference system (WGS84); as its position is fixed in the image reference system (by means of the calibrated pole), a constrained bundle adjustment, which imposes that the camera centre has a fixed relative position with respect to the antenna, can be made. At the end of the processing, both the centre coordinates of the camera and the camera pose (rotation of the camera) are estimated in the world coordinate reference system. During this first Aiguilles Marbrées survey, the ground control points were measured using this technique and were then used in the subsequent surveys. Due to the rather long base length between the GPS receiver and the base station, an absolute planar accuracy in the 2-6-cm range can be estimated. Nevertheless, the relative accuracy between the subsequent camera positions in the block adjustment is certainly higher (1-3 cm) and this leads to a final precision on the control points of between 1.5 cm (for the nearest points, located at about 55 m from the camera) and 7 cm (for the furthest points, located at about 140 m from the camera).
All the image sequences were automatically processed to accelerate the block orientation step using structure and motion algorithms developed by Roncella et al. (2005) .
Finally, a high-resolution (approximately 100 pts/m 2 ) digital surface model (DSM) of the rock wall was obtained, using dense matching routines (Roncella et al. 2005 ) based on least squares matching (LSM) (Grün 1985) and multiphoto geometrically constrained matching (MGCM) (Grün and Baltsavias 1988) algorithms.
The main advantage of a digital model is that it is possible to work on it without a time limit and to measure and process data whenever necessary. Traditional surveys require the operator to return to the site, with all the related inconvenience in terms of time, costs and operational safety. Moreover, when this technique is used, it is possible to study parts of the slope that are difficult or even impossible to reach by an operator. The slope dimensions and mobilised volumes can be measured from the DSM (Fig. 7) . Furthermore, the rock fall activity can be monitored through a comparison of the DSMs at different times and the mobilised volumes can be determined from the differences between the diachronic models. A comparison of the DSMs at different times (September 2010 -October 2008 is shown in Fig. 8a , where the 2007 phenomenon area is also delimited; the area in which the largest difference between the surfaces is detected has been outlined in the photographs in Fig. 8b . The first survey served several purposes; apart from the photogrammetric block orientation, its model was used as a baseline to compare the subsequent surveys and to detect possible collapses.
As the distance of the object, with respect to the subsequent camera positions, is relatively low (between 55 and 80 m), at least for the area considered in the production of the DSM, and assuming a point restitution accuracy of between 1.5 and 3 cm (evaluated through variance propagation in the least squares bundle adjustment), any difference above 6-8 cm between the DSMs acquired at different times should be considered significant from a statistical point of view; the significance threshold in Fig. 8a is fixed at 0.1 m. From the comparison, it can be observed that the rock fall activity has continued in the same area that was affected by the 2007 phenomenon. The Rockscan software (Roncella et al. 2005) can be used to perform a detailed structural survey combining photographs taken during the photogrammetric survey and a DSM. It allows the discontinuity planes on the photographs to be recognised and their positions and orientations (dip and dip direction) to be defined simultaneously. The operator delimits the discontinuity planes manually on a photograph and, since the exterior and interior orientation parameters are given for each photograph, the point cloud (or the DSM) can be projected onto the chosen photo. The software then calculates the plane that best fits the points within the region on the image delimited by the operator. This method allows a large number of planes to be defined quickly and the examined slope structure can be studied using a larger statistical sample than that which could be obtained using data sampled along a few scan lines on the rock face. The global view of the rock mass on the image makes the definition of the principal discontinuity sets straightforward and more complete than the limited view that the operators have during a traditional survey. Being able to easily recognise discontinuity planes at this stage makes the identification of outliers (i.e. points not lying on the plane) simpler and the computation of the dip and dip direction faster. Four photographs were used in this study to obtain a representative sample of the rock mass discontinuity sets. A total of 441 discontinuity planes were identified. The dip and dip direction were calculated for each plane using the Rockscan software (Fig. 9) .
The analysis highlighted that the sub-horizontal discontinuity sets were difficult to recognise; the fractures were often closed, except in the case of roofs created by rock collapses. This photogrammetric survey only takes frontal views and these roofs, therefore, cannot be delimited. Occlusions and low view angles lead to a reduction in the number of points sampled in these areas and one solution to this problem (proposed, for example, by Sturzenegger and Stead 2009b) is to survey the outcrop from different positions.
Data Processing
The orientation data of all the discontinuities were processed with the DIPS Ò software (Rocscience Inc. 2009), which permits a stereographic projection of poles and the identification of discontinuity clusters. These clusters can be contoured and the discontinuity sets can be identified. However, the pole distributions may be biased because of the difficulty involved in resolving certain plane orientations (i.e. sub-horizontal sets). By projecting all of the 441 sampled planes onto a concentration stereogram, four principal discontinuity sets (ID 1, 2, 3 and 4 m) can be identified (Fig. 10) .
It is important to notice that only sets with a certain number of poles emerge from the contoured stereonet and sub-horizontal sets are, therefore, absent because only a few planes were delimited, as previously explained. Consequently, it is necessary to carefully analyse the stereonets in which the poles of that set are visible (ID 5 m in Fig. 10 ). This is a typical situation of a poorly represented set because of a bias error due to the logistical impossibility of taking photographs of well-distributed points along the vertical dimension of the slope. These kinds of shots would have required an aerial survey, which, unfortunately, was not available. In this case, being aware of the possible lack of data, special care was taken to define the sub-horizontal set. Discontinuity traces and rock mass fracture analysis were carried out. More details are given by Ferrero and Umili (2011) and Umili et al. (2013) .
Comparison with the Traditional Survey
A traditional survey was carried out in order to verify the data obtained using the Rockscan software. This survey was conducted along two different lines of about 25 m in the lower part of the rock face, on the right and left sides of the central portion of the slope, where the rock fall occurred in 2007. The dip and dip direction of the rock planes were measured using a geological compass. A total of 62 orientation data were collected and processed with the DIPS Ò software. The rock strength values were estimated using a Schmidt hammer and the roughness profiles were measured during the field survey adopting a standard Barton profilometer. A good correlation was found between the Rockscan results and those obtained from the traditional survey (Table 1) , i.e. the same main rock plane families were found. Evidently, there were some gaps but these can be considered acceptable because the obtained set orientations were mean value data clouds that showed a certain dispersion and because the aim of the analysis was to define the general structure of the rock mass and the main kinematic mechanisms.
The set parallel to the cliff face (ID 1/1 m), which creates the detachment and sliding surface of the rock volume that fell in September 2007, dips in a W/NW direction in both surveys. Good agreement was found for the sub-vertical set (ID 3/4 m), which isolates the rock slabs laterally; this set was perpendicular to the previous one. The values concerning the sub-horizontal set show the largest differences between the two surveys. However, it should be pointed out that it is more difficult to determine the dip direction for a sub-horizontal set. Moreover, only a few measurements were carried out successfully with the Fig. 9 The 160 discontinuity planes delimited manually on the second photograph Fig. 10 Contoured stereonet of the planes identified using the Rockscan software Rockscan software and these were scattered. In this case, the traditional survey value would be more reliable.
As shown in Fig. 11 , the sub-horizontal set (ID 5 m) creates roofs and the sub-vertical set (ID 4 m) isolates rock slabs laterally; slab sliding occurs on the set parallel to the fall (ID 1 m).
Virtual scan lines were also traced on the orthophotograph of the rock face and this allowed the spacing of the joint set to be determined, which resulted to be 2.7 ± 1 m for joint set 1 and 3.1 ± 2 m for joint set 5.
Analysis of the Stability Conditions
The Limit Equilibrium Method
First, a back-analysis was performed using the limit equilibrium method (LEM) (Ferrero et al. 2010) . The problem was simplified in order to analyse the influence of rock bridge/fracture persistence on the surface along which the sliding had occurred, as well as the influence of pore pressure due to the presence of water from ice melting.
Mechanical Features of Ice-Filled Joints
In order to perform a limit equilibrium analysis, it was necessary to define the rock joint mechanical features. Moreover, in this specific case, the joint could have been filled by water that could freeze at low temperatures. Consequently, the first point taken into consideration by the authors was to define whether the presence of ice influenced the joint shear resistance and how to take its presence into consideration.
Mechanical behaviour, in terms of the stiffness and strength of an ice-filled joint, is a function of both normal stress and temperature (Davies et al. 2001; Günzel 2009 ). Günzel observed that, in constant stress tests, ice-filled joints show a parabolic relationship between normal stress and shear stress, and a maximum peak of resistance is observed for a normal stress of between 300 and 400 kPa for both examined temperatures. However, the parabolic relation tends towards a very low intersection with the y-axis and, consequently, to a very low cohesion value. Davies et al. (2001) proposed a linear shear strength envelope for ice-filled joints and extrapolated experimental data down to zero normal stress, although their experimental data started from a confined stress of 100 kPa. In the Aiguilles Marbrées case, the normal stresses acting on the failure joint were very low due to the inclination and shallowness of the sliding blocks. It was, therefore, necessary to operate on a range of values, which lacked sufficient experimental evidence to make a safe assumption.
Moreover, the physical mechanisms responsible for ice adhesion are due to the electrostatic interaction of the molecules and are functions of the electrical property of the surface of the ice and ice adhesion (Ryzhkin and Petrenko 1997) , but this has not been experimentally or theoretically evaluated for rough rock joints. These considerations have led the authors to neglect the possible contribution of ice adhesion to the shear strength and to consider that this contribution would be much less significant than that of rock bridges. Murton et al. (2001) have performed some interesting tests on moist chalk that was maintained at sub-zero temperatures, while the upper half was cyclically frozen and thawed, thus, simulating seasonal temperature cycles in an active layer. They observed that the material located above the permafrost limit became ''strongly brecciaed and rich in segregated ice''. However, this kind of phenomenon does not apply to granite, because granite has a much lower porosity than chalk, and does not allow ice segregation. Moreover, no rock brecciaing can be observed in situ in such a rock type. For these reasons. the presence of ice cohesion was not considered but, instead, the influence of rock bridges was taken into account.
The discontinuity strength parameters were obtained with the RocData applies the Barton-Bandis (Barton 1972 ) failure criterion (Table 3 ). The discontinuity roughness coefficient (joint roughness coefficient, JRC = 12) and joint compressive strength (JCS = 100 MPa) were measured in situ and used to calculate the joint strength. The basic friction angle was taken from the literature data for a similar lithology (Giani 1992) and was taken to be equal to 30°. The Barton-Bandis criterion was linearised considering a slope height of 60 m and a friction angle of 47.5°was determined. Table 3 also reports some rock matrix parameters for rock bridges according to Giani (1992) . An intact, uniaxial compressive strength equal to 250 MPa was assumed for the granite. The Hoek-Brown failure criterion (Hoek et al. 2002) was considered and the consequent parameters were determined: a disturbance factor D of 0, since no excavations or explosions had been conducted on the slope; s = 1 and a = 0.5 for intact rock, m i equal to 32 for granite; and Young's modulus of intact rock E i equal to 106 GPa, according to Palmström and Singh (2001) .
The analysis considered a slope of infinite length. This assumption was made in order to perform a generalised parametric analysis of the influence of persistence, of joint inclination and of the water level on the safety factor of the slope. However, the chosen hypothesis can be considered representative of the real conditions, since the field survey on the Aiguilles Marbrées identified the presence of several potential long sliding planes.
LEM Analysis
Different scenarios were considered in this investigation and were then translated into the acting and resisting forces as shown in Fig. 12 .
The water present at this climatic situation can suddenly change state and it can be frozen throughout the entire winter. It can then melt during summer and only in this case can it circulate in the rock mass and penetrate deeper portions of the rock mass. These water phase changes can induce rock bridge failure and reduce the global joint resistance.
The parametrical analysis performed in this work was aimed at analysing the influence of rock bridge failure and water circulation with changes in the joint strength and the water column height.
The discontinuity trace that isolated the block from the overhanging face was visible before the collapse. Therefore, force A in Fig. 12 , which represents the rock tensile strength at the slab top, was absent.
The block was free on the right-hand side, while a discontinuity trace on the left-hand side was clearly visible. As it was impossible to calculate the perpendicular component of the force exchanged between the two fracture edges, it was also impossible to assign a value to the sliding resistant component B given by the fracture surface. B was, therefore, also omitted and this results in a conservative assumption.
The only contact surface between the volume and the surrounding rock was, therefore, represented by surface S below the slab (width 15 m, height 60 m), along which sliding occurred.
The forces involved are:
W Weight, W = c * volume; R Force due to friction along discontinuity surface S, which is resistant to rock sliding; U Hydraulic pore pressure, which depends on the height of the water column inside the fracture
The analysis was performed assuming that the collapse had been caused by an imbalance between sliding and resistant forces. Different hypotheses concerning resistant force R were examined, in relation to the assumed discontinuity parameters (in particular, persistence).
The system of forces acting on the rock block was, therefore, composed of sliding and resisting forces that could be determined as follows:
Sliding Forces
WÁsin a Considering the resistance criterion and parameters listed in Tables 2 and 3 , it is possible to conduct parametric analyses.
; L j is the joint length, L r is the rock bridge length and s is the resisting stress.
The joint inclination was varied between 80°and 88°to consider the influence of the natural variation in the joint dip.
Finally, in the limit equilibrium analysis, the considered slab had the same geometry and the same boundary conditions as the larger volume that failed in 2007. The block was isolated at the top by a pre-existing fracture and, congruently, force A, which could have been computed to take the tensile rock strength into account, was disregarded.
The limit equilibrium analysis started from a backanalysis procedure, but since several factors could play important roles (water and rock bridges in particular), a parametrical analysis was carried out to quantify the influence of the different aspects.
LEM Results
The total safety factor can be defined as the sum of the rock bridge SF and discontinuity SF contributions, which are calculated as:
The results are reported in Figs. 13 and 14. It can be seen that, when there is no hydraulic pressure and a cohesion value of 25 MPa is assumed, even the smallest percentage of rock bridges (0.5 %) is sufficient to ensure block stability (Fig. 13a, b) . Joint cohesion should be considered as a percentage contribution of the real discontinuity persistence. In other words, the rock bridge contribution to the shear strength of each joint can be considered as an increase in the cohesion value that is proportional to the single joint persistence. This hypothesis implies that the resistance of rock bridges is spread over all the discontinuities. Zero persistence would be represented by a cohesion value equal to that of the intact rock strength, whilst a persistence of 100 % would result in a zero cohesion value. Considering a more realistic cohesion value of 25 MPa (computed considering an estimated joint persistence) as being constant, the water column height (and, therefore, the hydraulic pressure) was varied to study its influence on the stability (Fig. 14) . When the water column height in the joint was equal to 15 m (which is equivalent to a force of 1.1 MN with a triangular distribution) WÁcos a -U became 0 (Fig. 14b) . The water column of 15 m can be easily justified considering that the lower portion of the cliff is subjected to different sun exposure from the upper part. During the melting period, it was noticed that the melting of the ice within the frozen rock layers occurred earlier in the upper portion of the cliff, thus, determining a recharge of the water column inside the sub-vertical discontinuities; there are very few sub-horizontal discontinuities at the bottom of the cliff that could allow the discharge of water and the subsequent lowering of the water column, but these are generally blocked by the presence of ice that has not melted.
The results obtained from the parametric analysis show that the temperature increased and the ice melting, introduced into the parametric analyses as an increase in the water level, could only induce block instability if it occurred in conjunction with rock bridge failure.
This rock bridge failure could, in fact, be amplified by nocturnal freezing of the water that had penetrated deeper into the rock fractures during the warmth of the day. These results confirm the assumptions that were made on the basis of the field observations, although it is necessary to bear in mind that the LEM cannot take into account the condition of progressive failure of rock bridges. This particular aspect is dealt with in the following section with the use of distinct element modelling (DEM).
Numerical Modelling
The objective of this section is to follow the evolution of block instability using a numerical model. In particular, considering the nature and geometry of the problem that has to be analysed, the most appropriate numerical model is a distinct element model. For this reason, the 3DEC Ò software (Itasca 2012) was used. The methodology consisted of the following steps: creation of the rock mass geometry, definition of the rock matrix and rock discontinuity strengths, and application of appropriate boundary conditions. The authors did not perform a deterministic analysis in the 3DEC modelling. The rock mass was reproduced taking the rock mass joint set features into account in a statistical way in the hypothesis of ubiquitous fracturing conditions of the rock mass. In other words, the modelling did not backanalyse the 2007 phenomenon. The aim, instead, was to follow the progressive failure mechanism that could reasonably be expected in this context but which could not be monitored because the DEM frequency production and comparison (one per month on average) and the observation of the block at the slope toe could have been the cumulative results of a progressive failure phenomenon. To this aim, a larger rock mass portion than the rock mass representative elementary volume (REV) was sufficient in the 3DEC model: therefore, only one portion of the rock mass was simulated. Only gravitational load was applied in the 3DEC model.
The overall dimensions of the model were based on the extent of the DSM (90 m wide and 60 m high) and on the size of the slab that collapsed in September 2007 (15 m wide, 60 m high and 4 m thick). Consequently, the dimensions of the model were: width 50 m, height 60 m and depth 20 m, with a slope front inclination of 82°(joint set spacing of 1 m). The dimensions were chosen in order to model a rock mass volume of sufficient size to reproduce the instability phenomena whilst avoiding boundary effects. Once the general geometry of the model was complete, all the model blocks were created by applying the joint set orientations reported in Table 1 .
The 3DEC input included geometric and mechanical data for each discontinuity set. The software created discontinuities using a random orientation variability of ±2°f or each joint set and a spacing of 2.7 ± 1 m for joint set 1 and 3.1 ± 2 m for joint set 5. The true spacing values and their variability were based on observations from the field survey. The rock blocks were assumed to be deformable in order to analyse their stability and evolution in detail. As the limit equilibrium evaluations had already been conducted assuming a rigid block, the progressive failure of the 3DEC deformable blocks captured a different aspect of the stability conditions.
The discontinuity and intact rock strength parameters were the same as those used for the LEM analysis and are reported in Table 3 . However, only fully persistent joints can be modelled with the 3DEC code and, consequently, a fictitious cohesion value of the discontinuity was determined considering the presence of rock bridges that are characterised by rock material strength parameters and considering a joint set persistence of 99 %. In this case, a cohesion of 0.31 MPa and a friction angle of 44°were considered.
The joint deformability features were obtained considering the Young's modulus of the rock material as an upper limit. In this way, the joint normal stiffness (k n ) was computed directly from the Young's modulus of the intact rock, while the shear stiffness (k s ) was determined from the literature data for a similar lithology (Giani 1992) ; their values were taken as 6.7E ? 04 and 2.8E ? 04 MN/m 3 , respectively.
The boundary conditions involved the definition of the stresses and displacements that could occur at the model edges. A stress state was applied to the upper model surface As the joint network was generated in a random way, the models were run several times for different joint configurations but the same block kinematics continued to emerge. The same kind of block which determined the same kind of kinematics was encountered in all the simulations. The aim of the model was to evaluate the progressive failure of the slope, as observed in situ. The model showed that the vertical displacement vectors decreased with slope height and some localised blocks were unstable in the lower part of the slope, as can be observed in Fig. 15 . The blocks slid on sub-vertical discontinuities starting from the lower part of the slope and going upwards. This kind of progressive failure mechanism could not be analysed by means of the LEM, but it corresponds with the mechanism that was actually observed.
The unstable block also showed a similar shape as the one actually observed in situ, although the volumes of each single block were much smaller; this is due to the assumption made in the 3DEC code of fully persistent joints in the model. These blocks were bounded by the same discontinuities that were observed in situ, and this resulted in the same kind of kinematics, identified by the same joint types. However, the volume of each unstable computed block was around 20-25 m 3 , which is a similar volume to the recurring observed block dimension, while the whole rock block volume involved in the instability phenomenon in 2007 was much larger, having been estimated as 3,600 m 3 . This indicates that the 2007 phenomenon could have been governed by a progressive failure, due to the movements of several blocks in sequence, instead of the falling of one single large monolith.
Conclusions
An increase in slope instabilities has been observed in high mountain areas. Both air and rock temperature data have been considered in order to understand the possible connection between rock slope stability and climate. The air temperature data show that there is both a seasonal and daily variation, whilst the temperature tends to be more constant at a 55 cm depth below the rock surface. During the monitored summer, the air temperature was constantly above 0°C, while the air temperature showed strong fluctuations at the end of the season that were also recorded in the rock, reaching values below 0°C during the night. The rock fall phenomenon occurred in that period of the year, after a long period of high temperatures, during which the ice melted and water circulated in the fracture network. It is realistic to suppose that, by September, the presence of water inside the discontinuities at greater depths and that the progressive failure of the rock bridges were due to the daily freezing and thawing cycles. However, a measurement of this quantity was not possible; therefore, some parametrical analyses were performed in order to have a better understanding of the failure mechanism.
The parametrical analyses were performed with a limit equilibrium method (LEM) analysis, while a distinct element modelling (DEM) analysis was used to obtain a better understanding of the complex, progressive instability phenomenon observed in situ. Both the LEM and DEM analyses showed that the blocky rock mass was unstable when rock bridges were absent, even in the absence of water pressure in the joints. This result has confirmed that rock bridges control the actual slope configuration. In the LEM analysis, the study also showed how water can play an important role. The presence of the water assumed in the LEM analysis could be due to ice melting and to a consequent water circulation in the discontinuities, which could change the water pressure regime. The analyses presented in this paper have shown that rises in temperatures and subsequent ice melting, night freezing and consequent rock bridges failure can induce different water regimes that can influence the stability condition of a slope to a great extent.
The comparison between the unstable volume and the shape of the blocks computed by means of DEM, using the rock blocks measured at the base of the slope, has validated the DEM results. However, the volume of a single block in the DEM model was very different from the failed blocks observed at the cliff base, which were determined by the sum of several instability phenomena caused by progressive failure. A quantitative comparison of the failed volume is not yet possible, but it will be possible to compute the volume of the individual blocks involved in the instability each time an event occurs by continuously monitoring the cliff with periodic surveys. Comparisons between photogrammetric surveys conducted over time will offer useful information on this phenomenon.
Special consideration should be given to the severe working conditions of environments like the one examined in this paper, which are located at high elevations and involve logistical difficulties in reaching the potentially unstable slopes that are surrounded by glaciers and often only reachable by helicopter. These environmental conditions make field surveys even more complicated and limit the use of certain technologies, such as laser scanners, which involves additional problems (e.g. the equipment is much heavier, and usually requires additional batteries or an external electrical generator to ensure sufficient operational time and it must be positioned in a steady position etc.) compared to close-range photogrammetry. The proposed method can lead to a better characterisation of this complex situation by providing a more consistent and reliable dataset for the analysis.
The paper also shows that, for rock fall events, it is important to reconstruct the pre-and post-event conditions using photogrammetric surveys at different times and to compare the obtained digital surface models (DSMs). In this way, it would be possible to determine the mobilised volumes and, more importantly, the detachment mechanisms, in order to assess the stability conditions and the potential triggering mechanisms. Photogrammetric surveys can, therefore, play two different roles in slope stability investigations: as a tool to survey the rock mass characterisation at the beginning of the study and as monitoring instrumentation to document the evolution of slope instabilities over time.
